During the maturation process spermatozoa undergo a series of changes in their lateral and horizontal lipid profiles. However, lipid metabolism in spermatozoa is not clearly understood for two reasons: i) the mature spermatozoa are devoid of endoplasmic reticulum, which is the major site of phospholipid (PL) synthesis in somatic cells, and ii) studies have been superficial due to the difficulty in culturing spermatozoa. We hypothesize that spermatozoa contain biogenic membrane flippases since immense changes in lipids occur during spermatogenic differentiation. To test this, we isolated spermatozoa from bovine epididymides and reconstituted the detergent extract of sperm membranes into proteoliposomes. In vitro assays showed that proteoliposomes reconstituted with sperm membrane proteins exhibit ATP-independent flip-flop movement of phosphatidylcholine (PC), phosphatidylserine, and phosphatidylglycerol. Half-life time of PC flipping was found to be w3.2G1 min for whole sperm membrane, which otherwise would have taken w11-12 h in the absence of protein. Further biochemical studies confirm the flip-flop movement to be protein-mediated, based on its sensitivity to protease and protein-modifying reagents. To further determine the cellular localization of flippases, we isolated mitochondria of spermatozoa and checked for ATP-independent flippase activity. Interestingly, mitochondrial membranes showed flip-flop movement but were specific for PC with half-life time of w5G2 min. Our results also suggest that spermatozoa have different populations of flippases and that their localization within the cellular compartments depends on the type of PL synthesis.
Introduction
Although lipid metabolism is well elucidated for somatic cells, it is not very clear for spermatozoa, which are differentiated cells. Spermatogenic differentiation is associated with distinct cellular and morphological changes. Each spermatozoon is composed of a head, a mid-piece containing stacked mitochondria, and a tail region. The head region contains the haploid chromatin and acrosome whereas the tail is made up of flagellum. Major organelles including endoplasmic reticulum (ER) are primarily lost during the development process while DNA synthesis, transcription, and translation are virtually nonexistent in spermatozoa; however, proteins involved in transcription and translation are abundantly present (Travis & Kopf 2002 , MartinezHeredia et al. 2006 , Baker et al. 2007 , de Mateo et al. 2007 . One of the most significant changes observed during spermatogenesis are the changes in lipid composition. Phospholipids (PLs) have been shown to play an important role in intracellular signaling events in spermatozoa (Roldan & Fragi 1993) . Neutral lipids such as diacylglycerol (DAG) and ether lipids are present in unusually high proportions and a majority of PLs are composed of unsaturated fatty acids (22:6 and 22:5) (Gadella et al. 2008 , Petcoff et al. 2008 . Apart from this, mitochondria, the sole organelles of spermatozoa, are considered to be the energy source for sperm motility.
Sperm capacitation and fertilization are also associated with several cellular changes such as removal of sterols, increased plasma membrane (PM) fluidity, and elevation of intracellular Ca 2C (Jonge 2005) . Spermatogonia, during initial stages of maturation, contain very high concentration of lipids, which may be either required for their differentiation or as substrates for ATP generation (Darin-Bennett et al. 1973) . However, the demand for new PLs during differentiation exceeds the storage capacity, indicating that spermatozoa might have the ability to synthesize PLs on-site. Spermatozoal lysates were reported to synthesize cholesterol from acetate (Cross 1998 , Izem & Morton 2001 , and ejaculated spermatozoa were shown to synthesize ether lipids that are usually abundant in sperm membranes (Jones 1997) . Spermatozoa were able to incorporate radiolabeled precursors of palmitic acid, glycerol, choline, and arachidonic acid into DAG and phosphatidylcholine (PC), indicating that they possess active PL-synthesizing capability (Neill & Masters 1972 , Vasquez & Roldan 1997 . Despite this evidence, pathways as well as the site of PL synthesis remain unknown. The major impediment to studying PLs' metabolism is that spermatozoa do not survive for a long period under in vitro conditions. An earlier report has shown that spermatozoa are capable of mediating transbilayer movement of PLs in an ATP-dependant process using fluorescently labeled PLs and determined head group-specific flip-flop movement in live sperm cells by flow cytometry (Mü ller et al. 1994 , Nolan et al. 1995 . Another report showed transbilayer motion of spin-labeled PLs in sperm membrane preparation from ram caput, cauda, and ejaculated fractions (Mü ller et al. 1997) . In somatic cells, mitochondria are also a major site for synthesis of phosphatidylserine (PS) and phosphatidylethanolamine (PE) and no major PL-synthesizing enzymes are localized to the PM or cytosol (Dowhan 1997 , Vance 2008 . Spermatozoa contain a large number of mitochondria wrapped around the tails in the mid-piece, which are known to be the source of energy required for sperm motility. As mitochondria are also biogenic membranes in somatic cells (Gallet et al. 1999 , Meer et al. 2008 , we hypothesize that they might be equipped with biogenic flippases. To validate our hypothesis, we performed various biochemical assays to provide evidence for the presence of ATP-independent flippase activity in sperm membranes, which is generally localized in PL-synthesizing (biogenic) membranes.
Materials and methods

Materials
Egg PC (ePC), sodium dithionite, Janus Green B, calcein, diethyl pyrocarbonate (DEPC), bovine pancreatic trypsin, phenylglyoxal (PG), 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF), N-ethylmaleimide (NEM), ULTROL-grade Triton X-100, the protein estimation kit (BCA kit), methyl-b-cyclodextrin, cholesterol, and protease inhibitor cocktail were obtained from Sigma. 1-Oleoyl-2-(12-(7-nitro-2-1,3-benzoxadiazol-4-yl)-aminododecanoyl)-sn-glycero-3-phosphocholine (NBD-PC), 1-oleoyl-2-(12-((7-nitro-2-1,3-benzoxadiazole-4-yl)amino)-lauroyl)-sn-glycero-3-phosphoserine (NBD-PS), 1-oleoyl-2-(6-((7-nitro-2-1,3-benzoxadiazol-4-yl)amino)hexanoyl)-sn-glycero-3-(phospho-rac-(1-glycerol)) ammonium salt (NBD-PG), and 1-oleoyl-2-{12-((7-nitro-2-1,3-benzoxadiazole-4-yl)amino)lauroyl}-sn-glycero-3 phosphoethanolamine (NBD-PE) were purchased from Avanti Polar Lipids (Alabaster, AL, USA), and SM-2 biobeads was purchased from Bio-Rad Laboratories. All other chemicals were procured from Himedia (Mumbai, India).
Preparation of cauda epididymal whole sperm cell fractions
Briefly, cauda epididymides were carefully dissected from bovine testes and pricked with a needle and spermatozoa were allowed to swim into PBS buffer containing 10 mM glucose at 37 8C. The released sperm suspension was centrifuged at 100 g for 2 min at 4 8C. The pellet containing sedimented tissue fragments was discarded and supernatant centrifuged at 1500 g for 10 min at 4 8C to pellet spermatozoa (Nagdas et al. 2006 , Chakrabarty et al. 2007 . The pellets were washed twice in buffer containing 10 mM HEPES/NaOH and 100 mM NaCl and resuspended in the same buffer. Samples were processed by the routine swim-up procedure using Ham's F-10 nutrient medium (Mehmood et al. 2009 ). Briefly, sperm pellets were incubated in the medium for 30 min at 37 8C, allowing the motile sperm to swim-up to the medium.
Isolation of mitochondria from whole cell
Mitochondria were isolated according to previously reported methods (Nagdas et al. 2006) . In brief, the washed pellets were suspended in buffer containing 10 mM HEPES/NaOH, 100 mM NaCl, and protease inhibitor cocktail (1:100 (v/v)). The suspension was then sonicated using a blunt probe three times at 10-s intervals with a Sartorius stedium labsonic sonicator at a medium power setting and centrifuged at 1500 g for 10 min at 4 8C. The pellets were washed twice in the same buffer and sonicated again ten times at 20-s intervals to detach the mitochondria. The suspension was again centrifuged at 1000 g and the supernatant was mixed with one-third volume of a 20% sucrose solution and pelleted at 8800 g for 15 min at 4 8C. The crude mitochondrial pellet was resuspended in buffer and homogenized in glass-Teflon homogenizer. This suspension containing crude mitochondria was further enriched by layering on a 1/1.5 M sucrose density gradient at 80 000 g for 1 h in a SW28 rotor (Beckman Coulter, Brea, CA, USA) and collected at 100 000 g.
Purity of isolated fractions
Mitochondria were stained by incubation with Janus Green B (10 mg/ml) at room temperature for 15 min. Images were procured using a bright-field microscope (Nikon Eclipse Ti) at 40! magnification (Yang et al. 2007) . The purity was also tested for mitochondrial marker cytochrome c by western blot analysis. The Triton X-100 extracts (TEs) of whole cell and mitochondria were solubilized in SDS sample buffer at 95 8C and analyzed on a 12% SDS-PAGE. The PVDF membrane was equilibrated in the transfer buffer and polypeptides were electrophoretically transferred from the gel. After complete transfer at 90 V for 90 min, the membrane was incubated with primary antibody (1:500 cytochrome c) at room temperature for 4 h. The blot was washed and incubated with secondary antibody (1:2500) for 1 h and washed with buffer. The film was then developed in the dark room (Ott et al. 2002) . The major contaminant in isolation of mitochondria from cells is PM and its contamination was checked using a PM ATPase assay (Bunney et al. 2001) . The ATPase activity was measured in 50 mM MES, 10 mM MgSO 4 . 7H 2 O, 5 mM sodium azide, 0.2 mM ammonium molybdate, 100 mM KNO 3 and 3 mM ATP in the presence and absence of 100 mM sodium orthovanadate, which is a PM ATPase inhibitor. The activity was measured by the amount of phosphate released by ATP hydrolysis.
Preparation of TE of whole spermatozoa and isolated mitochondria TE was prepared by adding 250 ml of isolated bovine spermatozoa and mitochondria to an equal volume of 2! reconstitution buffer (10 mM HEPES/NaOH, pH 7.5, 100 mM NaCl, and 1% (w/v) Triton X-100) respectively. The sample was mixed and incubated at 4 8C with end-over-end rocking for 1 h. It was then ultracentrifuged in a MLA 130 rotor at 175 000 g for 30 min at 4 8C (Rajasekharan & Gummadi 2011) . The supernatant was carefully removed and used directly for reconstitution at a protein concentration of w3 mg/ml.
Reconstitution of liposomes and proteoliposomes
Liposomes and proteoliposomes were prepared as described previously (Chang et al. 2004 , Sahu & Gummadi 2008 ; 4.5 mmol ePC and 0.3 mol% of labeled lipids such as NBD-PC, NBD-PS, NBD-PG, and NBD-PE were dried under a stream of nitrogen and solubilized in reconstitution buffer. For preparation of proteoliposomes, TE (w3 mg/ml) was added to solubilized lipid samples with known protein concentration. Pretreated SM2 biobeads were used to remove Triton X-100 to form liposomes or proteoliposomes. The reconstituted liposomes and proteoliposomes were collected by ultracentrifugation in a MLA 130 rotor at 230 000 g for 45 min at 4 8C and washed three to four times with assay buffer (10 mM HEPES/NaOH, pH 7.5, and 100 mM NaCl) to remove background fluorescence due to nonreconstituted lipids and proteins. The vesicles were resuspended in 1 ml of the same buffer and passed 11 times through a 0.1 mm polycarbonate membrane filter using a lipid extruder to obtain vesicles of uniform size. The protein:PL ratio (PPR) of proteoliposomes was determined as described previously (Bligh & Dyer 1959 , Kaplan & Pedersen 1989 .
Vesicle size analysis by dynamic light scattering
The particle size (average mean diameter) of liposomes and proteoliposomes was measured by dynamic light scattering (DLS) at an angle of 908 at 25 8C for 5 min in a Microtrack particle analyzer. Diluted liposomes and proteoliposomes (2.5 ml) were analyzed before and after extruding through a 0.1 mm membrane filter.
Sucrose flotation gradient analysis
This experiment was performed to verify the reconstitution of membrane proteins from TE as described previously (Rigaud et al. 1988 , Rajasekharan & Gummadi 2011 . Briefly, 1 ml of the reconstituted proteoliposomes was layered on a series of sucrose (w/w) (20, 10, 5, and 2.5%) and centrifuged at 100 000 g in a swing-out rotor (SW 41Ti) for 1 h. Fractions were collected from different sucrose interfaces and dialyzed against assay buffer for 24 h with three to four buffer changes to remove sucrose from the fractions. The amount of protein and PLs in the fractions was estimated as described previously (Bligh & Dyer 1959 , Kaplan & Pedersen 1989 .
Collisional quenching experiments
To confirm the steady-state distribution of the NBD-PLs across the membranes of liposomes and proteoliposomes, collisional quenching of NBD probe with potassium iodide (KI) was performed according to the method reported previously (Vehring et al. 2007) . NBD-PC containing liposomes and proteoliposomes was reconstituted using reconstitution buffer supplemented with 0.3 M KCl. Excitation and emission wavelengths were set at 470 and 530 nm respectively. Fluorescence intensity was measured for samples consisting 50 ml of vesicles diluted into 1.95 ml of buffer containing 10 mM HEPES/NaOH (pH 7.5) and the quencher KI (0-0.3 M). Data were analyzed according to the modified Stern-Volmer equation:
where F 0 is the fluorescence intensity in the absence of the quencher, DF is the fluorescence intensity in the presence of the quencher at concentration [Q] , f a is the fraction of fluorescence that is accessible to the quencher, and K is the Stern-Volmer quenching constant (Lakowicz 2006) . The fraction of NBD-PC accessible to iodide quenching is calculated as the inverse of the y-intercept.
Flippase assay
The assay was performed using Perkin Elmer LS-55 Fluorescence Spectrophotometer as reported previously (Sahu & Gummadi 2008 , Rajasekharan & Gummadi 2011 . A total of 50 ml of labeled liposomes and proteoliposomes were added to 1.95 ml of assay buffer in a fluorescence cuvette. Timedependent fluorescence (excitation at 470 nm and emission at 530 nm) was monitored with constant low-speed stirring at 25 8C. After the stabilization of fluorescence intensity (w200 s), sodium dithionite (1 M prepared freshly in Tris base, pH 10.0) was added to a final concentration of 2 mM and the decrease in fluorescence was measured for w400 s. The activity of flippase in a proteoliposome preparation was taken as the difference between the percentage reduced in the sample and the percentage reduced in a liposome sample (control). Briefly,
where F 0 is the initial fluorescence, F t is the fluorescence intensity after dithionite reduction, and P red is the percentage of NBD-PC reduced.
Flippase activity ðAÞ Z P red; proteoliposomes KP red; liposomes :
Protease/trypsin treatment Bovine pancreatic trypsin from a stock solution (50 mg/ml) was added to TE to yield a final concentration of 10 mg/ml and incubated at 37 8C for 30 min before reconstitution.
Flippase activity in epididymal sperm membranes
Similarly, the intact vesicles were treated with trypsin as described previously (Sahu & Gummadi 2008) . Briefly, 50 ml liposomes (control) or proteoliposomes were added with desired final concentration of trypsin in assay buffer in a 200 ml reaction mixture. The mix was incubated at 37 8C for 30 min after which it was added to 2 ml of assay buffer, and the fluorescence intensity was monitored as described previously.
Effect of protein modification reagents on flippase activity
Freshly prepared stock solutions (typically 100 mM) of DEPC in water, NEM, PG, and AEBSF in assay buffer were added to the liposomes (control) or proteoliposomes to yield the desired final concentration of protein-modifying reagent. After determining the effective working concentrations of these reagents, proteoliposomes with a known quantity of protein were used to study the effect of these compounds on flippase activity. TE was also treated with the highest concentration of protein modifiers, 20 mM DEPC, 40 mM NEM, 5 mM AEBSF, and 5 mM PG. The proportion of functional flippases eliminated by treatment with protein-modifying reagents (% inhibition) was calculated from the percentage change in P red after subtracting P red for liposomes (Chang et al. 2004) :
Methyl-b-cyclodextrin treatment
Many reports have shown that exposing cells to b-cyclodextrin results in solubilization and removal of cellular cholesterol, and it is widely used in cell culture experiments for the same purpose (Yancey et al. 1996 , Eckford & Sharom 2008 . To check whether flippase activity is restored after cholesterol removal, we treated whole sperm cell and mitochondrial proteoliposomes reconstituted with 15 mol% cholesterol using 20 mM methyl-b-cyclodextrin. The sample was incubated at 37 8C for 1 h. Proteoliposomes were collected by centrifugation and resuspended in fresh assay buffer. After two washes, the sample was checked for flippase activity as described in the earlier section.
Statistical analysis
Data are presented as the meanGS.D. Data were fitted to appropriate equations with R 2 O0.95. For half-time calculations, initial fluorescence (F 0 ) was taken as the average value of fluorescence intensity of the first plateau and the fluorescence after dithionite reduction (F t ) was taken as the average value of the second plateau. The percentage of NBD lipids reduced (P red ) upon dithionite addition was calculated by normalizing the F 0 to 1.0 and F t as a fraction of F 0 , the difference between the percentage reduced in the proteoliposomes sample (test) and in a liposome sample (control) was considered to be activity. We used paired Student's t-test to assess differences between the fluorescence intensity (variable) using Prism 3.0 software (GraphPad, San Diego, CA, USA) with CIs set at 95%. Probability values (P) !0.05 were considered to be statistically significant.
Results
Isolation of sperm cells from bovine samples
We isolated sperm cells from bovine cauda epididymides as described earlier. The purity of the isolated spermatozoa was confirmed by performing the 'swimup' experiment, which separates the active and motile cells. The isolated fractions were observed using a brightfield microscope and were found to be motile.
Validation of reconstitution and vesicle integrity
Liposomes and proteoliposomes from TE extract of whole sperm cells were generated as described earlier.
To confirm that the TE proteins were reconstituted into vesicles, the proteoliposomes were fractionated on a sucrose flotation gradient. The results obtained showed that w50-55% of the protein and PL was recovered at the 10-20% (w/v) sucrose interface (Fig. 1A) . Analysis of the collisional quenching data using the modified SternVolmer plot indicated that w52G2 and w56G3% of symmetrically labeled NBD-PC liposomes and proteoliposomes were accessible to iodide ions (Fig. 1B) , implying that the labeled lipids are symmetrically distributed across the membranes reconstituted by SM2 Bio-bead-assisted Triton X-100 removal and that this is not affected by the presence of membrane proteins. DLS measurements confirmed that the effective diameters of majority of liposomes and proteoliposomes were 100G20 and 110G5 nm respectively ( Fig. 1C and D) . The vesicles were also analyzed before extrusion and the diameter was found to be w500 nm (data not shown). Vesicle leakage was checked using calcein. Liposomes/ proteoliposomes encapsulated with calcein did not show emission at 517 nm in the presence or absence of dithionite. Upon addition of 0.2% Triton X-100, the emission peak increased because the vesicles were rendered leaky (data not shown). This confirmed that the vesicles were intact.
Biogenic membrane flippase activity in proteoliposomes reconstituted with TE of intact whole sperm cells Both liposomes and proteoliposomes generated from detergent extract of sperm cells were treated with dithionite. Liposomes showed only w50-55% quenching and the kinetic data fit well to single exponential decay with half-life of w0.4G0.05 min (Fig. 2A) . Proteoliposomes generated by reconstituting TE of whole sperm membrane proteins showed biphasic kinetics and the percentage of dithionite quenching was 60-85% (Fig. 2B, trace b, c, and d) . The half-life of first phase was 18G2 s and second phase was calculated to be 3.2G1 min. These results suggested that the proteoliposomes generated from TE of whole sperm cells were capable of translocating PC and the activity increased with increasing protein concentration in TE (Fig. 2B) . To study the flippase activity as a function of protein concentration (TE extract), we generated proteoliposomes with varying amounts of protein and assayed for flippase activity. We found that, with the increase in TE addition during reconstitution, the amount of NBD quenching increases and eventually attains saturation at w350 mg/mmol. Further increase in PPR did not show any improvement in percentage quenching (Fig. 2C) . Whole sperm cell lipids were extracted and lipids corresponding to 100 ml TE were reconstituted into liposomes and proteoliposomes. The presence of extracted lipids did not alter the quenching of PLs on the outer leaflet of liposomes and the kinetic data were fitted to a single exponential decay function (Fig. 2D) . In order to check whether TE of the whole sperm cell can flip other PLs, we reconstituted NBD-labeled PS, PG, and PE into proteoliposomes and checked for flippase activity. We found that the flippases in whole cells were able to translocate PG and PS but not PE (Fig. 2E) .
Kinetics of NBD-PC flipping
The first and second half-life time for all the experiments was calculated using the double exponential decay fit. Irrespective of the protein content in reconstituted vesicles, it was found that the first half-life time remained constant at 20G5 s (0.4G0.05 min) (Fig. 3A) . The second half-life time of 6G1 min was constant till the PPR was 350 mg/mmol. Beyond this level, the second half-life time decreased with an increase in PPR (Fig. 3B) .
Protease treatment and effect of protein modification on flippase activity
To confirm that the second slow phase of decrease in fluorescence intensity is purely due to protein-mediated translocation, we treated the TE with trypsin (10 mg/ml final concentration) prior to reconstitution and assayed for flippase activity. Consequently, vesicles generated from the trypsin-treated TE showed w55% activity similar to liposomes and the kinetics also fitted to single exponential decay fit (Fig. 4A , trace a -liposome, b -proteoliposome, and c -trypsin). This suggests that flippase activity was completely inhibited when TE was treated with trypsin and confirmed that PC flipping is protein mediated. In this study, we checked sensitivity of NBD-PC flipping to chemical modifications with various protein-modifying reagents as mentioned in the Materials and methods section. TE prior to reconstitution was treated and incubated for 30 min at 37 8C and assayed for flippase activity. TE treated with modifiers showed that PC flipping was affected only upon AEBSF treatment (Fig. 4A, trace d -AEBSF) . The other modifiers NEM (40 mM) and PG (5 mM) did not show any decrease or loss of activity beyond the concentrations (effective) used (Fig. 4A , traces e and f respectively). To have more insight into this, we also treated the proteoliposomes after reconstitution with varying concentrations of trypsin and AEBSF. The treated samples were then assayed for their ability to translocate NBD-PC. Trypsin treatment after reconstitution could not inhibit flippase activity, suggesting that the active sites of flippase were buried inside the membrane bilayer during reconstitution and the kinetics was fitted to a double exponential decay equation (Fig. 4B , trace a -liposome, b -proteoliposome, c -trypsin-treated proteoliposome after reconstitution). AEBSF also did not show any inhibition after reconstitution, suggesting that the serine residues were buried inside (data not shown).
Isolation of mitochondria and activity
Mitochondria were isolated from whole sperm cells as described previously. Purity of the samples was confirmed by specifically staining the mitochondria both in the whole cell and in the isolated mitochondria as well as by western blot. Janus Green B, being an alkaline dye, is oxidized in the presence of cytochrome oxidase in the mitochondria forming a blue-green color. In Fig. 5A , the mid-piece of whole cell is stained blue-green and the right panel is the isolated mitochondria viewed under 40! bright-field microscope (Fig. 5B) . Western blot analysis was performed for the isolated mitochondria and the supernatant containing contaminants, which is discarded during the isolation. The blot confirmed the purity of mitochondria as evident from the enhanced detection of cytochrome c in the TE (Fig. 5C, 1) . In order to check whether the mitochondrial membrane fractions isolated were contaminated with PM, their being no other organelles present in sperms, we performed P-type ATPase assay in the presence and absence of vanadate, which is specific for PM. It was confirmed that the final pellet had the least ATPase activity (Fig. 5D ).
Biogenic membrane flippase activity in proteoliposomes reconstituted with TE of mitochondria
Mitochondrial membrane proteins were reconstituted into liposomes containing NBD-PC and these showed flippase activity with increasing protein concentration (Fig. 6A , trace a -liposome, b -100 ml TE, and c -200 ml TE) but no activity was observed when reconstituted with PS or PG (Fig. 6B, traces b and c) . The flippase activity was confirmed to be protein-mediated by treatment of TE with trypsin and AEBSF before reconstitution. The activity dropped to w50% in both cases (Fig. 6C , trace b and c). The treatment of vesicles with trypsin and AEBSF after reconstitution did not show any significant inhibition of flippase activity (Fig. 6D, traces c and d) .
Effect of cholesterol
Whole cell and mitochondrial TEs were reconstituted with 15 mol% cholesterol. It was observed that whole cell activity was completely inhibited and was not restored even on treatment with 25 mM cyclodextrin (Fig. 7A , traces c and d respectively). But when reconstituted with mitochondrial TE, there was no inhibition of flippase activity (Fig. 7B ).
Discussion
In eukaryotic somatic cells, ER, mitochondria, and Golgi complex are the major sites of lipid synthesis, with their active sites localized at the cytosolic leaflet (Voelker 1991 , Meer et al. 2008 . Newly synthesized lipids must be translocated across the bilayer for membrane growth and trafficked to other locations of the cell (Menon 1995 , Gummadi & Kumar 2005 . Translocation or flip-flop movement of PLs is a thermodynamically unfavorable process because of the energy needed for moving the charged head groups of PL through the hydrophobic bilayer and this process is usually driven by metabolic energy. The t 1/2 of this translocation is in the order of hours to days (Rothman & Kennedy 1977 , Gummadi & Kumar 2005 . However, in biogenic membranes, t 1/2 of Flippase activity in epididymal sperm membranes PL translocation was calculated to be in the order of few minutes with reports indicating their presence in ER, Golgi complex and chloroplasts (Bishop & Bell 1985 , Backer & Dawidowicz 1987 , Hrafnsdóttir et al. 1997 , Menon et al. 2000 , Gummadi & Menon 2002 , Kubelt et al. 2002 , Chang et al. 2004 , Rajasekharan & Gummadi 2011 ). These biogenic membrane flippases are different from ATP-dependent flippases, which are involved in the maintenance of membrane asymmetry at PM (Holthuis & Levine 2005 , Pomorski & Menon 2006 . As in the case of somatic cells, the sperm cell membrane lipid matrix is a heterogeneous mix of PLs, glycolipids, and sterols, which are distributed asymmetrically across the membrane leaflets (Apel-Paz et al. 2003) . The PL distribution in PM of spermatozoa is asymmetric with PC present in the outer leaflet of the membrane, diphosphatidylglycerol and PS being localized predominantly to the inner monolayer (Hinkovska et al. 1986) , and asymmetry in PM is maintained by the presence of ATP-dependent PL translocator in sperm PM (Mü ller et al. 1994 , Nolan et al. 1995 . However, there are no reports on the presence of biogenic membrane flippase activity in sperm cells. Previous reports suggested that lateral and horizontal transfer of lipids and proteins occur as well as membrane fluidity being altered during sperm passage through the epididymis. In boar spermatozoa during transit from epididymis, the membrane proportion of PE, PS, and phosphatidylinositol decreased along with an increase in the amount of PC, sphingomyelin, and polyphosphoinositides (Nikolopoulou et al. 1985 , Reid et al. 2011 . Based on these reports, we hypothesize To confirm our hypothesis, we investigated the presence of biogenic flippase activity in whole spermatozoa as well as in mitochondria. As membrane proteins require a lipid environment for their functional activity, we used reconstituted proteoliposomes to characterize biogenic membrane flippase activity. Although reconstituted vesicles do not actually reflect the native membrane environment of sperm membranes, nevertheless functional activity of transmembrane-domaincontaining proteins has been successfully demonstrated in synthetic ePC vesicles (Vehring et al. 2007 , Sahu & Gummadi 2008 , Menon et al. 2011 . Sucrose flotation gradient analysis was performed to confirm protein incorporation into vesicles (Rigaud et al. 1988 , Sahu & Gummadi 2008 . Protein and PL recovery in the reconstituted vesicles was w40 and w80% respectively as reported by many groups following this protocol (Gummadi & Menon 2002 , Yang et al. 2007 . In order to negate the effect of heterogeneous size of vesicles on contribution to flippase activity, vesicle size and distribution of PLs between the two leaflets were analyzed by DLS and collisional quenching experiments. Vesicle leakage caused due to reconstitution of membrane protein, and distinct packing conformation of various head group PLs was analyzed by calcein dye leakage assay (data not shown).
Flippase activity was measured by quenching the fluorescently labeled NBD-PLs using sodium dithionite, a membrane-impermeable reagent ( Fig. 2A) . Our results show that proteoliposomes generated from TE of whole spermatozoa were capable of translocating PC and an increase in activity was observed with increasing protein concentration in TE, suggesting that the activity is protein-mediated. The dose-response plot in Fig. 2B can be used to calculate the amount of flippases in the TE of spermatozoa membrane proteins. At the inflection point, i.e. w350 mg/mmol, each vesicle is presumed to contain at least a single functional flippase. Preparations below 350 mg/mmol contain no or one flippase/vesicle and samples with O350 mg/mmol contain one or more flippases/vesicle on an average. Previous studies on biogenic membrane flippases reported low saturation values for rat liver microsomes (60 mg/mmol), yeast (10 mg/mmol), Bacillus subtilis (40 mg/mmol), and spinach ER (40 mg/mmol) (Gummadi & Menon 2002 , Kubelt et al. 2002 . The protein:PL saturation value obtained in this study was similar to that of spinach chloroplast membranes (400 mg/mmol). The high PPR saturation suggests that the amount of PC-translocating flippases is less and may depend on the physiological state of the cell. As biogenic membrane flippases are not head-groupspecific, we used other head group PLs such as PS, PG, and PE and found that whole spermatozoa membranes were able to flip PC, PS, and PG ( Fig. 2B and E) .
Mitochondria isolated from spermatozoa showed flippase activity for only PC (w75% quenching) similar to results described in a previous report which showed rapid PC transbilayer movement in outer mitochondrial membrane isolated from rat liver (Dolis et al. 1996) . Flip-flop movement of only PC occurring in an energyindependent manner can be attributed to the fact that PC forms the major lipid constituent of the mammalian mitochondrial membrane. The transport of other head group PL in mitochondria might be an energy-dependent process, as the transbilayer movement of PE in rat liver mitoplasts was augmented twofold when the mitoplasts were energized (Gallet et al. 1999) . Also, the protein complex involved in transport of other PLs would have disassociated during detergent extraction of mitochondrial membranes. But in somatic and yeast cells, the transbilayer movement of lipids is reported to be independent of their head group and a t 1/2 of 10-15 min was reported for spin-labeled PE, PC, and cardiolipin in purified beef heart mitochondrial inner membranes (Simbeni et al. 1990 , Gallet et al. 1999 .
As biogenic flippases are involved in rapid PL translocation to confirm that the flippase activity is protein-mediated, we treated proteins with trypsin and other modifying reagents before and after reconstitution. Protein modification studies are performed in a variety of membrane-localized transporters to identify amino acids that are vital for functionality of a protein. It has been widely reported that cysteine is a critical amino acid present in the class of flippases (Gummadi & Menon 2002 , Kubelt et al. 2002 , Sahu & Gummadi 2008 . We used the common modifying reagents that included DEPC (His modifier), NEM (Cys modifier), AEBSF (Ser modifier), and PG (Arg modifier). Interestingly, NBD-PC flippase activity was not altered when either the proteoliposomes or TEs were treated with NEM, DEPC, and PG. But treatment of vesicles with AEBSF showed w50% loss of activity in both whole cells and mitochondria before reconstitution, confirming that the activity was protein-mediated and loss of activity was observed only upon treatment with serine modifier.
Membrane cholesterol is known to influence molecular packing and is present in high proportions in the epididymis where the stability and resilience of the membrane are most critical (Apel-Paz et al. 2003 , 2005 . Reports have shown that the presence of cholesterol in sperm cells prevents fusion and thereby leads to sterility. However, it is continuously removed from the membrane on arrival of spermatozoa in the female reproductive tract, in preparation for the fusion steps (Davis et al. 1979 , Apel-Paz et al. 2003 . We hypothesize that defective cholesterol removal mechanism might have led to the retention of cholesterol, which would have subsequently inhibited the flippases that modulate the sperm membranes. It has been reported that cholesterol inhibits flippase activity even at very low concentrations such as 1 mol% (Rajasekharan & Gummadi 2012) . To check this effect, we reconstituted the whole cell and mitochondria with 15 mol% cholesterol and our results confirmed that the presence of cholesterol inhibited flippase activity only in whole cells and not in mitochondria, which is consistent with earlier reports that have shown that spermatozoa continuously modulate membrane cholesterol content during their transport and maturation (Cross 1998 , Apel-Paz et al. 2003 .
In summary, we provide the first biochemical evidence, to our knowledge, for the existence of energy-independent biogenic membrane flippase activity in spermatozoa. Our results support the hypothesis that spermatozoa have the ability to synthesize PLs to sustain membrane modulations during their development and differentiation. The presence of a distinct flippase population in mitochondria specific for PC suggests that mitochondria alone may not contribute to the total lipid pool. Further molecular identification of flippases and lipid traffic is necessary to have more insight in understanding the mechanism of PL's flip-flop movement in an energy-independent manner. The experiments were carried out two independent times with assay in triplicates.
